as the region of intercellular contact grows. Time-lapse Taken together, a dynamic mechanism for intercellular imaging and electron microscopy suggest that puncta adhesion is unveiled involving calcium-activated filoare spatially coincident with membrane attachment sites podia penetration and VASP/Mena-dependent actin for actin filaments that branch from the cortical actin reorganization/polymerization. sion, as could major alterations in actin cytoskeleton While ␤-catenin plays a regulatory role in adhesion, long known to exist in transformed cells (Geiger et al., 1992). We therefore investigated AJ formation in primary mouse keratinocytes, which has led us to novel insights.
Figure 1. Formation of Adhesion Zippers: A Prelude to AJs
Primary epidermal keratinocytes (A-H) or established lines (I-K) were cultured for 24 hr, and formation of cadherin-mediated junctions was induced by calcium for the times indicated on each frame. Cells were then processed for indirect immunofluorescence using phalloidin to decorate F-actin (red) and anti-E-cadherin (green). Arrows in B denote adhesion zippers, composed of two rows of anti-E-cadherin stained puncta, separated by thin phalloidin-staining fibers (higher magnification in E and F). Arrowhead in (E) denotes cytoplasmic radial actin fibers emanating from puncta; arrow in (F) denotes actin fibers between puncta. By 7 hr, the central segments of zippers merged into a single row ( , 1996, 1998) . Each dot of anti-E-cadherin staining was aligned with an identically posiand dynamic process, driven by actin filament polymerization. This remarkable mechanism involves the caltioned dot in the opposing row. As expected, puncta also stained with anti-␣-catenin and anti-␤-catenin, but cium-activated production of filopodia, which penetrate and embed into neighboring cells. The physical force of not desmosome-specific markers (not shown). Double rows of puncta were observed irrespective of whether drawing two opposing membranes together, maximized at the tip of each embedded filopodium, catalyzes cluskeratinocytes were switched from low to high calcium or placed in high calcium from the start, suggesting tering of AJ proteins, which include not only E-cadherin and catenins, but also VASP, Mena (related to VASP), that the structure represented an intermediate step in adhesion, rather than a reaction to calcium. vinculin, and zyxin. We show that this process yields two rows of embedded puncta, whose stabilization depends Prominent bundles of actin filaments radiated internally from puncta, (arrowhead in Figure 1E ), and actin upon ␣-catenin, VASP/Mena, and actin polymerization and reorganization. This mechanism provides the force fibers existed between opposing puncta (arrow in Figure  1F ). After 7 hr, the number of puncta at zippers had necessary to actively bring epithelial cells together and seal them into continuous sheets.
increased by several fold, and puncta at the centers had often merged to form a single row ( Figures 1C and 1G ). After 20 hr, puncta had fused to form a continuous line Results ( Figures 1D and 1H ). We propose to call the two-rowed puncta structure an The Adhesion Zipper as an Intermediate Step in AJ Formation "adhesion zipper," and later, we reveal its ultrastructure. Notably, we observed adhesion zippers in both MDCK To examine the kinetics of AJ assembly, we first plated freshly isolated, primary mouse epidermal keratinocytes and PtK2 cells ( Figures 1I and 1J ). While puncta were plentiful in these cultures, adhesion was accelerated at 50% confluence on a collagen, fibronectin, and polylysine substratum, conditions where cells are not already and zippers were often masked by puncta disorganization. Moreover, in contrast to primary keratinocytes, tightly packed. When cultured in low calcium medium for 24 hr (t ϭ 0), these cells formed a robust network which were flat and displayed abundant stress fibers, MDCK and PtK2 cells were relatively round, with few of actin stress fibers, which bound rhodamine-labeled phalloidin ( Figure 1A) . No staining was observed with stress fibers. The differences in actin organization and AJ formation AJ antibodies, consistent with the fact that under low calcium conditions, neither AJs nor desmosomes form.
seemed rooted in the number of passages that cells were subjected to in culture. Thus, after 15 passages, Within 3 hr after the switch to high calcium, anti-E-cadherin labeled two distinct and highly organized surviving immortalized keratinocytes behaved more similarly to MDCK and PtK2 cells in their roundness, rows of puncta at sites of intercellular contact ( Figures 1B,  1E, and 1F ). This contrasted with disorganized puncta actin cytoskeleton, and rarity of zippers ( Figure 1K ). Based on these observations, adhesion zippers appear noted in established kidney epithelial lines (Yonemura Figure 2C ). Filopodia not makaberrant during immortalization or transformation.
ing contact were often branched and randomly oriented (arrowheads in Figure 2C ). Each filopodium was packed with cytoskeleton that Calcium Activates Formation and Propulsion was largely if not solely composed of actin filaments of Filopodia into Neighboring Cells ( Figure 2D ). While some filopodia made contact with to Initiate AJ Formation neighboring cell surfaces (example in Figure 2D ), others To probe more deeply into the structure of adhesion contacted opposing filopodia (arrow in Figure 2E ). Upon zippers, we repeated the calcium switch experiments, contact, opposing filopodia seemed to slide as antiparthis time processing cells for both scanning and transallel dimers along one another until they embedded, mission electron microscopy. At low calcium, cells were becoming encased by a membrane pocket ( Figure 2F ). well spread, round, and extended only a few random At embedded filopodial tips, electron dense structures processes (Figure 2A) . In high calcium, cell surfaces resembling AJs formed ( Figures 2E and 2F ). These strucchanged markedly, exhibiting membrane ruffling over tures labeled with AJ antibodies, confirming their idennuclei and numerous microspikes ( Figure 2B with the distances and positioning of two opposing rows After the calcium switch, overall filopodia numbers of puncta (see Figure 1) . Thus, the phalloidin staining were elevated, but the greatest number were always at between two puncta rows corresponded to the actinintercellular contacts ( Figure 2C ). Intriguingly, filopodia filled filopodial extensions spanning two contacting making contact with neighboring cells appeared to physically embed into the neighboring cell membrane cells. Taken together, these data reveal the structure and origin of adhesion zippers and uncover a novel role for calcium in adhesion. While cell culture enabled us to study how filopodia form during intercellular adhesion, the existence of filopodial projectiles is not unique to cultured keratinocytes. Epidermal cells in mouse skin display abundant projectiles, which often pair in a fashion resembling that in culture ( Figure 2H ). Thus, it seems likely that the process of filopodia extension and pairing is a characteristic of intercellular adhesion in vivo as well as in vitro.
Filopodia Tips/Puncta Serve as Sites for Actin
Polymerization and for Recruitment of Vinculin, Zyxin, VASP, and Mena As predicted from prior studies on puncta formation (Adams et al., 1996 (Adams et al., , 1998 , the ability to form adhesion zippers was dependent on actin cytoskeleton. Zippers did not assemble in the presence of cytochalasin D, a potent inhibitor of actin polymerization ( Figures 3A-3D ). Additionally, while some E-cadherin still localized at intercellular contacts 20 hr after the calcium switch in cytochalasin D, epithelial sheets did not form, and large gaps were seen even in closely positioned cells (Figure 3D) .
The intricate link between actin filaments and adhesion zippers was evident by immunofluorescence microscopy, where each punctum associated with a cellular actin fiber ( Figure 1E ). This was confirmed by ultrastructure, where a bundle of actin filaments ema- with radial actin fibers, consistent with its actin-bundling 1999), although it is unknown whether they are specifiproperties ( Figure 4F ). This pattern was distinct from cally involved in AJs. We took advantage of the specificthat of anti-zyxin. ity of puncta to assess which if any of the major candiOur findings placed the VASP, zyxin, Mena, and vindates might stimulate or direct actin polymerization at culin at puncta, a specific stage in epithelial sheet formanewly formed AJs.
Anti-N-WASP antibodies did not preferentially label tion. Since these proteins have been localized to other differently than wild type. In low calcium, mutant cells displayed fewer stress fibers but a rather prominent actin ring at the periphery ( Figure 5A ). In high calcium, these cells failed to form adhesion zippers even after 7 hr ( Figures 5B and 5C ). By 20 hr, anti-E-cadherin labeled a few contacting keratinocytes ( Figure 5D ). However, zippers did not form, and even the few single rows of puncta were discontinuous. Furthermore, while actin fibers were detected near sites of anti-E-cadherin staining, they were not organized properly (inset to Figure 5D ). As expected, the low level of anti-E-cadherin at intercellular borders of ␣-catenin null cultures at t ϭ 20 hr was accompanied by anti-␤-catenin colabeling (not shown), but not anti-␣-catenin staining ( Figure 5E ). Other AJ proteins failed to localize to puncta (Figures 5F and 5G) . Curiously, while zyxin and vinculin remained at focal contacts in ␣-catenin null cultures (Figure 5F ), Mena and VASP appeared diffuse throughout the cells ( Figure 5G ). While future studies will be needed to fully understand the significance of this finding, our results underscored a role for ␣-catenin in localizing vinculin, zyxin, VASP, and Mena to puncta and in stabilizing these structures.
To explore further the role of ␣-catenin in puncta formation and actin reorganization, we prepared cultures containing a mixture of ␣-catenin null and wild-type keratinocytes. Null keratinocytes were identified by the presence of Cre-recombinase in their nuclei. Under conditions where one keratinocyte was null for ␣-catenin and the other wild-type, zippers still formed ( Figure 5H ). Figure 6H ), and wherever two labeling were often seen between cells (arrowheads in transfected cells made contact, zippers had not formed Figure 6L ). While the relation of these double lines to by 3 hr (Figures 6E and 6F) , and membrane sealing was adhesion zippers remains to be evaluated, membrane often not seen after 20 hr (Figures 6G and 6H) . However, sealing and sheet formation was clearly inhibited (Figure when TD-GFP transfected cells neighbored an untrans-6J). Taken together, our findings illuminate an essential fected cell, both adhesion zippers and membrane sealrole for VASP in intercellular adhesion in vivo as well as ing were observed. In these cases, only the wild-type in vitro. cell displayed radial actin fibers (inset to Figure 6E) . From these data, we conclude that VASP and Mena are required for the actin dynamics necessary to seal How Actin Polymerization Might Be Utilized: membranes into epithelial sheets.
Note that ␣-catenin null keratinocytes display few stress fibers and fail to form adhesion zippers, but do show some anti-E-cadherin (E-cad) staining at cell interfaces by 20 hr (D and arrows in insets to E-G). Open circles denote gaps between cells. Note: in the absence of ␣-catenin, only E-cadherin (shown) and ␤-catenin (not shown) localized in a few spots at cell-cell borders; zyxin, vinculin (not shown), Mena (not shown), and VASP no longer localized to these sites (compare data in (E)-(G) with that of wild-type keratinocytes in Figure 4). (H) The cell in the upper right lacks ␣-catenin as judged by nuclear labeling of anti-Cre recombinase (red nucleus, arrowhead, versus wildtype nucleus, open arrowhead). With its wild-type neighbors, the cell made double-rowed puncta, which were normal except for a lack of radial actin fibers (arrows) emanating from the puncta row within the mutant cell (inset). Regions in white dotted

and disrupwith GFP (examples shown). In contrast, TD-GFP intertion of VASP did not appear to affect these junctions. fered with formation of adhesion zippers and epithelial While Mena and VASP localization was disrupted, sheets (Figures 6E-6H). In transfected cells subjected E-cadherin still localized to intercellular borders (Figures to a calcium switch, VASP and Mena no longer localized 6K and 6L). Intriguingly, double lines of anti-E-cadherin to cell borders (inset in
Ultrastructural Analysis of the Fate To assess whether VASP function is essential for interof Embedded Puncta cellular adhesion in vivo, we engineered transgenic mice
The contact achieved by formation of embedded filoexpressing TD-GFP under the control of the keratin 14 podia and AJs frequently resulted in desmosome assembly at flanking sites (Figures 7A-7C ). This suggested promoter and enhancer, active in the innermost (basal) Figures 7D and 7E ). This phenomenon explains why desmosomes and AJs 7C). These invaginations seemed to be the remnants of utilized filopodia, a prediction consistent with our often alternate in epithelial sheets.
In regions abundant with desmosomes, empty filopreviously observed merging of two rows of puncta to a single row (see Figure 1C) . Moreover, these troughs podial membrane pockets were detected (brackets in Figure 7B ). A few filopodia appeared to be "utilized" for labeled with antibodies against ␣-catenin ( Figure 7D ) and were flanked by desmosomes (De) associated with subsequent stages of adhesion, as nascent desmosomes sometimes linked membranes between a parthick bundles of keratin IFs (Figures 7C and 7D) . At late times ‫61ف(‬ hr), the undulating cell-cell border had tially relaxed pocket and its filopodium ( Figure 7B ). Thus, while some filopodia and their pockets became part of flattened, and the epithelium appeared as a sheet, with continuous contacts of alternating desmosomes and the intercellular border, other filopodia and their pockets seemed expendable once they functioned to draw opAJs ( Figures 7E and 7G) . In contrast to wild-type keratinocytes, ␣-catenin null posing membranes together. The length of membrane necessary to seal cell borders is likely to determine this keratinocytes formed few filopodia-like extensions, and these did not anchor deeply into the opposing cell's interdigitated extensions. A movement-based mechanism for AJ assembly might be especially important membrane, nor did they organize radial actin fibers (Figures 7F and 7H ). Even after 16 hr, large gaps and spaces where cells are naturally at a distance from each other, such as wound healing or resealing a vacancy after a existed between closely opposed keratinocytes. Occasional desmosomes were still found, but the flanking cell has committed to terminally differentiate and exits the basal layer. membranes were not sealed.
Discussion
More to Calcium Than Homotypic E-Cadherin Interactions Filopodia and Active Intercellular Adhesion
It has long been recognized that calcium stimulates hoThe penetration of filopodia as an integral mechanism of motypic engagement of cadherins, which is essential intercellular adhesion has not been described, perhaps for intercellular adhesion (Nose et al., 1988; Shapiro et because the process has been largely studied in immoral., 1995). Our description of an actin polymerizationtalized cells that partially crawl over one another at conbased propulsion step in intercellular adhesion expands fluence and extend few filopodia. This promiscuity apthe role of calcium. While the mechanism is still not pears to facilitate a process of "passive" adhesion, clear, it seems likely that calcium activates some key circumventing the need for filopodia to physically draw regulatory molecule ( , 1996) . Our studies reveal vation. Irrespective of mechanism, we speculate that the existence of double rows of puncta, and our analysis VASP/Mena-dependent reorganization and directed poof adhesion zippers now illuminates how and why puncta lymerization of actin at stabilized puncta provides the form. The penetration of filopodia appears to force opposnecessary "reverse" force to physically push the two ing cell membranes together, accelerating E-cadherin rows of puncta together into a single row and further clustering and AJ formation at the tip to create a puncseal the membranes into an epithelial sheet. A model tum. In a dynamic process, an antiparallel pair of filosummarizing these points is presented in Figure 8 . podia embed into their neighboring cells, physically drawing the two cell surfaces together. Once initial filoExperimental Procedures podia embed, this anchorage seems to enhance the probability that additional filopodia will make functional that are brought together by filopodia embedding. In contrast to AJ formation, desmosome assembly seems
